High-resolution small-angle x-ray-scattering ͑SAXS͒ data in the quaternary sodium dodecyl sulfate-waterpentanol-dodecane membrane system in the L 3 phase were collected and analyzed. The SAXS data show a broad peak followed by q Ϫ2 and q Ϫ4 regions at higher q. The data are described quantitatively by the product of a structure factor of 1ϩC 1 arctan(q 1 /2)/qϩC 2 /͓1/ 2 2 ϩ(͉q͉Ϫq c ) 2 ͔ and a form factor of a randomly oriented disks. The C 1 term is the structure factor develop by Cates et al. ͓Europhys. Lett. 5, 733 ͑1988͔͒, describing a bicontinuous phase with randomly connected bilayer sheets separating the space at length scales larger than the typical cell size L. The C 2 term, introduced because of the observation of the broad peak centered around q c in the SAXS data, describes the bilayer cell-cell correlations. For high dilution samples, the form factor alone can describe the data very well. From our data of the water layer volume fraction and L ϭ2/q c , we have determined that for every volume of (2/q c ) 3 , the membrane has an area of (1.3-1.8)(2/q c ) 2 . This is consistent with a bicontinuous structure for the L 3 membrane system. The logarithmic increase of the water layer area with 2/q c is due to the membrane thermal undulations. The bending rigidity of the membrane has been found to be (1.0Ϯ0.2)k B T. ͓S1063-651X͑96͒08807-1͔
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PACS number͑s͒: 82.70. Ϫy, 82.60.Ϫs, 61.30.Ϫv In many surfactant-cosurfactant solutions, a flow birefringent isotropic phase L 3 has been observed ͓1-3͔. The material in the L 3 phase is transparent and flows easily, in contrast to the very viscous property of the material in the nearby lamellar fluid membrane L ␣ phase ͓4͔. Based on neutron-scattering data and electric conductivity measurement, Porte et al. ͓17͔ proposed that the L 3 phase in the cetylpyridinium chloride-brine-hexanol system possessed a flexible spongelike structure, with surfactant bilayers separating the brine into two regions, each of which is connected by itself ͑see Fig. 1͒ . In addition, freeze fracture electron microscopies on several other L 3 systems carried out by Strey et al. ͓5͔ , revealed a randomly connected bilayer sheet separating the space, which is consistent with the idea of Porte et al. ͓17͔ . Besides the work of Porte et al. ͓17͔, a theoretical study by Cates et al. ͓6͔ , also suggested the bicontinuous structure for the L 3 phase. In order to further elucidate the structure and the thermal undulations of the membranes in the L 3 phase, we carried out a high-resolution synchrotron-based small-angle x-ray-scattering ͑SAXS͒ experiment on the sodium dodecyl sulfate ͑SDS͒-waterpentanol-dodecane ͓7͔ L 3 system. The phase diagram ͓4͔ is shown in Fig. 1 . The analysis of the SAXS data shows clearly that in this L 3 membrane system, randomly connected SDS-water-SDS bilayer sheets separate dodecane, with a typical cell size L ͑Fig. 1͒. Sodium dodecyl sulfate (C 12 H 25 OSO 3 Na), pentanol, and dodecane were purchased from SIGMA with 99% purity and used without further purification. Deionized water with electric resistivity of 16 M⍀ cm was used in this experiment. The weight ratio of water to SDS was kept at 1.552 Ϯ0.002. The compositions of the samples are listed in Table  I .
In the process of making the samples, we found that the higher the dodecane dilution, the faster the equilibrium state is reached. Typically, at about 23°C, it took a few days for a sample of low dodecane dilution to reach an equilibrium state. For a sample with dodecane concentration larger than 80%, it took only 3-5 h to reach a uniform phase. We have also observed that for higher dodecane diluted samples, it is very easy to produce flow birefringence by shaking the sample. However, the flow birefringence is not observed for the 49.1% docecane diluted sample.
The synchrotron x-ray-scattering experiment was carried out on the Exxon beam line X-10A at the National Synchrotron Light Source ͑NSLS͒. Figure 2 demonstrates the experimental setup. To setup a high-resolution small-angle x-rayscattering experiment, we used a double-bounce Si͑111͒ crystal as the monochromator and a triple-bounce Ge͑111͒ in the nondispersive configuration at small angles as the analyzer. This setup gives an in-plane resolution width of 0.000 18 Å Ϫ1 ͓half-width at half maximum ͑HWHM͔͒ and an out-of-plane resolution width of 0.003 Å Ϫ1 ͑HWHM͒. The basic features of the scattering from our L 3 samples are shown in Fig. 3 , which gives, in logarithmic scale on both axes, the raw data from five samples. We can clearly *Present address: The Department of Chemistry and the James see that most of the curves, corresponding to relatively low dodecane dilutions, have a broad peak denoted as q c and for a higher dilution sample, although a peak is not obvious, we can still locate a position q c at which the absolute curvature of the data is of the maximum. At larger momentum transfer q, all the curves show q Ϫ2 -q Ϫ4 behavior, although this region is modified by the background scattering, and in the 49.1% dilution case also by the structure factor. The q Ϫ2 -q Ϫ4 behavior is characteristic of the scattering from randomly oriented disks ͓8͔, indicating that the local structure of our sample is that of flat membranes immersed in dodecane. The evolution of the peak position and its width with the dodecane weight ratio, indicates that with increasing dodecane dilution the cell size L of the membranes increases ͑i.e., q c gets smaller͒ and the cell-cell correlation becomes weaker.
In order to reveal the structure in a quantitative way, we fit the scattering data, by following the theoretical work of Roux et al. ͓2,9͔, where the L 3 phase was assumed to be comprised of an interconnected infinite sheet separating the space into two regions ͑in our case it is the SDS-water-SDS bilayer sheet separating dodecane͒. The regions could be labeled as inside and outside the sheet. The volume difference of the inside and outside creates an in-out order parameter. Considering this order parameter and the sheet volume concentration in the Hamiltonian, the scattering structure factor at a length scale much larger than the cell size has been calculated to be ͓2,9͔
Here, 1 is the correlation length associated with the in-out order parameter. To account for the broad peak, the total structure factor might be written as
This new C 2 term describes the cell-cell correlation with correlation length 2 and an average cell-cell distance L ϭ2/q c . For the form factor, stimulated by the scattering data, we use that of randomly oriented disks with radius R and thickness w, which is
where J 1 is the well-known first-order Bessel function and x is simply the cosine of the orientational angle. A justification to choose such a form factor is that the scattering intensity from a spherical shell of radius R 0 can be represented by that of randomly oriented disks with a suitable choice of R ͑ϭ␥R 0 , with ␥ϳ0.8͒, as demonstrated by Fig. 4 . We expect that R/(2/q c ) is roughly a constant at large dodecane dilutions when the membrane thickness is much smaller than the cell size. The solid lines in Fig. 5 are the best fits to the experimental data from a few samples in the L 3 phase covering nearly the entire dodecane dilutions, by using Eqs. ͑2͒ and ͑3͒, convoluted with the spectrometer resolutions. The figure shows that the predictions of the scattering intensity are in good agreement with the data. The fits to the data from other samples are also very good. The good fits suggest that the L 3 phase is of randomly oriented sheets at length scales smaller than the cell size and at length scales larger than the cell size the structure is of an interconnected infinite sheet separating dodecane. The values of the parameters obtained from the fits are listed in Table I .
For samples of large dodecane dilutions ͑dilution greater than 80.0%͒, such as 86.13%, the structure factor is practically one and the form factor alone can fit the data satisfactorily. From the fits we know that when the dodecane dilution gets larger, the larger the area of the local flatness becomes, as shown by the evolution of the value of R.
The thickness of the scattering layer is obtained to be roughly the same for all the samples, which is wϭ25.5 Ϯ0.5 Å. This value for w is in good agreement with the values obtained elsewhere ͓4,10,11͔. Subtracting the height of the head group of SDS, which is OSO 3 , and about 3 Å ͓12͔, the water layer thickness is then 19.5Ϯ0.5 Å, which is 1.5 Å larger than the value obtained for the membrane system in the nearby L ␣ phase as shown in Ref. ͓11͔. We believe that this difference is due to the aging SDS sample. The SDS sample had been used many times and absorbed much moisture and therefore we get a larger water layer thickness than that obtained in Ref. ͓11͔, where a newly bought SDS sample was used. If we take the spectrometer resolutions or the spherical shell size distribution into account, the form factor of a suitable spherical shell ͑or of some size distribution͒ can be very close to that of randomly oriented disks. We are able to obtain the value of the membrane bending curvature modulus, by using the work of Cates and his colleagues ͓6͔, which shows that the L 3 phase has its largest cell size when the membrane persistent length ͓13͔ p is about /q c . In our case, we have p Ϸ1609/2 Å. Using the wellknown formula ͓13,14͔ p ϭae 4/3k B T , ͑4͒
we obtain ϭ1.2k B T, which is close to its value in the nearby lamellar phase ͓4,11,15,16͔. In Eq. ͑4͒, a is a microscopic length, about the nearest surfactant-surfactant distance, which is about 5.7 Å ͓11͔. is the bending curvature modulus of the SDS bilayer, k B is the Boltzmann constant, and T is the sample temperature (ϳ300 K). We do not have data at very small q, so 1 is practically undetectable and enters Eq. ͑2͒ as an infinite value for nearly all the samples. Therefore, we cannot obtain I(qϭ0) for nearly all the samples and check the consistency with the predicted behavior ͓2,3,9͔ 1/I͑qϭ0 ͒ϰ w ln͑ w / *
͒.
A useful way to determine the membrane structure of our samples at length scales of the cell size is to use the work of Porte et al. ͓17͔, which relates 2/q c ϵL ͓17,18͔ with sheet thickness ␦ 0 . Porte et al. pointed out that for structures formed by sheets, the following relation holds:
where w is the sheet volume fraction and in our case we set it equal to the water volume fraction. For lamellar structures without ripples, ␣ is equal to 1 and for bicontinuous structures without ripples ␣ is about 1.5 ͓17͔.
When considering the thermal ripples on the membranes, ␣ in Eq. ͑5͒ is not independent of the cell size any more. In this case, Eq. ͑5͒ is modified to be 2 q c ϭ␣ 0
where c is a numerical factor. Equation ͑6͒ says that the volume of the membrane sheet increases when considering the thermal ripples and the ripples considered are from the thermal undulations of a piece of membrane of size L/c. We take c as 10 and the reason for choosing such a large factor is that for large ripples of the size of L, the extra sheet volume is accounted for by ␣ 0 , since such ripples actually relate to the overall shape of the membranes. Furthermore, if we took c as a relatively small factor such as 2, then the size of the membrane responsible for the ripples is so large that the membrane tilt angle is not small and therefore our formalism breaks down. Besides, as demonstrated by the fitting results, the smaller c is, the smaller ␣ 0 is, indicating that the membrane fluctuation at large length scales is a big contribution to ␣ 0 ͑see the fitting results for different c in Ref.
͓22͔͒. Therefore, if we want ␣ 0 to account for the membrane shape at large length scales, we need to choose c to be much larger than 1. Now we need to know the water volume fraction w . As demonstrated before ͓19͔, within a relative error of less than 0.005, the water volume fraction can be calculated by FIG. 5 . Best fits of scattering data from four samples to the product of Eqs. ͑2͒ and ͑3͒, with an overall scale factor, which is unimportant for the issues in this paper. Solid lines are the fits and the squares are the data. The slope variation at qϳ0.1 Å Ϫ1 is due to the thickness of the scattering layer w. , are the mass densities for SDS, pentanol and dodecane at 20°C, respectively. The water mass density at 20°C is 0.998 23 g/cm 3 ͓20͔. The thermal expansion coefficients for all the materials are about 1ϫ10 Ϫ4 ͓21͔ and, therefore, at a slightly higher temperature of a few degrees above 20°C the density values at 20°C can still be used in Eq. ͑7͒ to generate accurate results. Note that 1.552(1Ϫx dod Ϫx pen )/2.552 is the weight of water in one unit weight of the sample. Therefore, the numerator is the volume of the water and the denominator is the total volume, in one unit weight of the sample. The water volume fractions calculated by Eq. ͑7͒ are listed in Table I .
In Fig. 6 we plot 2/q c vs 1/ w . The dashed line in the figure is the best fit to the old formula Eq. ͑5͒, which yields ␣ϭ1.43Ϯ0.04, if we take ␦ 0 ϭ18 Å ͓11͔. Obviously, the dashed line misses the data points substantially at high dodecane dilutions. A better fit is the solid line which is the best fit to our new formula Eq. ͑6͒. The fit yields ␣ 0 ϭ1.40 Ϯ0.04 ͓22͔ and ϭ(3.0Ϯ2.8)k B T. The value of ␣ 0 obtained agrees with what is expected for an interconnected membrane structure. The value of obtained from the fitting possesses a large statistical error, due to the large errors in 2/q c determinations at higher dodecane dilutions.
A better way to obtain the value of comes from rewriting Eq. ͑5͒ as
w L 3 /␦ 0 is just the water layer area in one unit cell. The values of ␣ as calculated by Eq. ͑8͒ are in the range of 1.3-1.8, consistent with the spongelike membrane structure. We list the values of ␣, as calculated by Eq. ͑8͒, in Table I . In Fig. 7 we plot ␣ vs L and it is obvious to see that ␣ monotonically increases with the cell size. A fit of the data (␣,L) to
gives ␣ 0 ϭ1.32Ϯ0.03 and ϭ(1.0Ϯ0.2)k B T. The solid line in Fig. 7 is the best fit. The reason for the smaller error bar in the determination is that Eq. ͑8͒ yields a relatively smaller error bar at large L, because at large L, w is smaller.
In conclusion, we have carried out a small-angle x-rayscattering experiment in the quaternary SDS-waterdodecane-pentanol membrane system in the L 3 phase. Our data are consistent with the L 3 phase being a spongelike, symmetric bicontinuous structure with a locally flat SDS bilayer sheet separating dodecane. The membrane bending rigidity is obtained to be (1.0Ϯ0.2)k B T.
We point out that among the very dilute phases which appear at equilibrium in surfactant solutions, the lamellar L ␣ phases that are stabilized by the Helfrich undulation forces ͓4,10,15,23͔ and the sponge L 3 phases are now essentially understood both theoretically and experimentally. In contrast, a recently discovered equilibrium dilute phase of surfactant solutions is far from being understood ͓24͔. This discovery shows a new phase of liposomes, not predicted by current theories describing fluid membranes, consisting of an equilibrium multilamellar tubular vesicles (L tv ) in membranes with bending rigidity of order k B T. Recent theoretical work which emphasizes a nonanalytical bending energy term FIG. 6 . Plot of Lϵ2/q c vs 1/ w and the best fits to Eq. ͑5͒ ͑dashed line͒ and Eq. ͑6͒ ͑solid line͒, respectively. The dashed line corresponds to ␣ϭ1.43Ϯ0.04 and the solid line corresponds to ␣ 0 ϭ1.40Ϯ0.04 and ϭ(3.0Ϯ2.8)k B T. q c is scattering peak position and is obtained from the data directly, other than from the fit.
w is the water volume fraction for the sample and is calculated through Eq. ͑7͒. Error bars are estimated from the data and shown in the bars.
FIG. 7. Data of (␣,L) and the best fit to Eq. ͑9͒. ␣ is defined by Eq. ͑5͒ and obtained by Eq. ͑8͒. The fit yields ␣ 0 ϭ1.32Ϯ0.03 and ϭ(1.0Ϯ0.2)k B T.
